The sensitivity of power system stability (including transient and dynamic stabilities) to generator parameters (including parameters of generator model, excitation system and power system stabilizer) is analyzed in depth by simulations. From the tables and plots of the resultant simulated data, a number of useful rules are revealed. These rules can be directly applied to the engineering checking of generator parameters. Because the complex theoretical analyses are circumvented, the checking procedure is greatly simplified, remarkably promoting the working efficiency of electrical engineers on site.
Introduction
Generators are the most important component of power system, and thus the level of power system stability is closely related to generator parameters [1] [2], which include both the parameters of generator models and the parameters of excitation systems and power system stabilizers (PSS). For this, testing and checking the correctness of generator parameters and the appropriateness of generator parameters' combinations are very important tasks of electrical engineers prior to further analysis of power system stability. In case generator parameters are mistaken or their combinations are inappropriate, it is very likely to cause decision-making errors or deviations from optimal operating points, bringing unforeseen or unfavorable outcomes. Currently, however, strictly and accurately testing and checking generator parameters are actually impractical and impossible; because in modern bulk power system the number of generators X. M. Sun is huge, the field tests [3] [4] on each generator are unavoidably time and cost consuming; what's more, generator parameters may change with time and operating conditions. Therefore, the electrical engineers at the electric power dispatching center really need a simple and practical method for testing and checking generator parameters quickly and efficiently.
The main contribution of this paper is based on the actual engineering experiences of the author. From plenty of simulation experiments, the sensitivity of power system stability (including transient stability and dynamic stability) to generator parameters is analyzed and illustrated in detail, and as a result some feasible and fast rules for testing and checking generator parameters are revealed and summarized, which can be directly adopted by the electrical engineers on site. And because the complex theoretical analyses are circumvented, the testing and checking procedure is greatly simplified so that the working efficiency of electrical engineers is greatly promoted.
Generator Models and Parameters
The number and definitions of generator parameters are correlated with specific generator models. To ensure generality, the integral model of generator should be adopted, in which the stator consists of three-phase windings and the rotator consists of salient poles, excitation winding f, d-axis equivalent damping winding D and two q-axis equivalent damping windings g and Q. Based on the Park transform, the per-unit equations of the integral model of generator under dq0 coordinates are as follows (because the magnetic field produced by 0-axis current i 0 in stator windings is 0 and has no effect on the electric characteristics of rotator [5] , the equations related to 0-axis component are omitted):
where d υ , q υ and f υ are the voltages of d-axis, q-axis and excitation wingding f; i d , i q , i f , i D , i g and i Q are the currents of d-axis, q-axis, excitation wingding f, equivalent damping windings D, g and Q; R a , R f , R D , R g and R Q are X. M. Sun tromagnetic transient process is not considered, or the aperiodic component of the stator current is considered in another way [5] ; ii) assume the per-unit value of the electric angular velocity ω ≈ 1, making the equations related to υ d and υ q linearized.
Apparently, the total magnetic flux linkages ψ d , ψ q , ψ f , ψ D , ψ g and ψ Q in Equation (1) are inconvenient or even impossible to measure in practice, and therefore some measurable variables are introduced to represent these magnetic flux linkages indirectly: Further, some measurable parameters are also introduced, not only simplifying the equations but also making the equations' physical meanings clearer: 
Fast Rules for Testing and Checking Generator Parameters in Models of Different Orders
By reducing Equation (4) nd -order models of generator can be obtained [6] , and they are not listed out in this paper for brevity. In these models, only one or two parameters have slight discrepancies, and other parameters are the same. It is because of these slight discrepancies that some evident incorrectness of generator parameters can be tested and checked rapidly in terms of the following 6 rules. Table 1 . From Table 1 , two complementary rules can be
Provided that the generator parameters are prominently deviating from the aforementioned 6 requirements, the above 2 rules and the reference ranges of Table 1 , it is justified in doubting that the parameters are incorrect, and more careful testing means should be taken. However, it is a simple and fast method to test the generator parameters and is very suitable for the preliminary test of the newly obtained parameters.
Sensitivity of Power System Stability to Generator Parameters
The testing and checking rules of generator parameters presented in Section 3 are necessary conditions but not sufficient conditions to guarantee power system X. M. Sun Table 1 . Quantitative testing and checking rules (variation ranges) of generator parameters.
Parameter 
Overview of IEEE 9-Node Test System
The geographically interconnected diagram of the IEEE 9-node test system is shown in Figure 1 , which displays the power flow distribution under normal operation condition. For brevity, this subsection lists out only generator parameters in Table 2 , and other detailed parameters, i.e. the steady-state and transient parameters of loads, buses, transmission lines and transformers can be found in [10] . The units of the parameters in Table 2 are the same as those in Table 1 , and because R a ≈ 0, R a is omitted from Table 2 .
By comparing the generator parameters in Table 1 and Table 2 , it can be inferred that GEN2 is a hydraulic turbine and GEN3 is a steam turbine. However, GEN1 and GEN2's Table 2 ) do not strictly comply with the variation range in Table 1 , meaning that Table 1 should only be used to judge the prominent incorrectness of generator parameters but Figure 1 . The geographically interconnected diagram of the IEEE 9-node test system. The units of node voltages, active power and reactive power are kV, MW and MVar, respectively; "G" denotes the output energy of generator and "L" denotes the load of station. Table 2 . Generator parameters in IEEE 9-node test system. not be obeyed inflexibly, and generator parameters' combinations should also be taken into consideration.
Sensitivity of Transient Stability of Power System to Generator Parameters
From a good many simulation experiments, the author finds that the transient stability of power system is very sensitive to the values of The large-disturbance set in the simulation of Figure 3 is the same as that in Figure 2 . Because the power angle curve of GEN3 with0.95 X X ′′ ′ < is similar to Figure 2(a) , the simulation of Figure 3 considers only the situation of0.95 X X ′′ ′ > . Again, because GEN3 in this situation has been out of transient stability, the power angle curve oscillates so great that it has exceeded the drawing ranges of PSD-BPA and thus can not be displayed properly. Therefore, the power angle curve here is replaced by the system frequency curve shown in Figure 3 , which is recorded by the simulation process supervisor and presents the status of power system indirectly. In Figure 3 , the system frequency curve oscillates severely and has already been impossible to return to a straight line, illustrating also that GEN3 is out of transient stability.
Sensitivity of Dynamic Stability of Power System to Generator Parameters
The common steps to analyze the dynamic stability of power system are as follows.
1) Use the small-disturbance analysis method, i.e. the frequency-domain method, to decompose the oscillation modes, and then calculate the real part, imaginary part, frequency and damping ratio of each oscillation mode, together with the electromechanical circuit correlation ratio, the modulus and phase angle of the right eigenvector, and the participation factors of the generators participating in the oscillation.
2) Use Prony method, a famous time-domain method, to analyze the active powers of some important interconnection transmission lines under large-disturbance and decompose them into a number of oscillation modes as well.
3) Try to find out the oscillation modes under large-disturbance, which are consistent with those found by small-disturbance analysis. If such oscillation modes are found, it can be concluded that the analytic results in frequency domain and time domain are consistent with each other, and that the dynamic stability analysis above is valid.
According to the foregoing steps, firstly, apply the small-disturbance analysis to the IEEE 9-node test system. From the small-disturbance analysis, 6 oscillation modes are obtained, wherein only 1 oscillation mode has an electromechanical circuit correlation ratio that is greater than 1.0, meaning that it is the dominant oscillation mode (DOM). Due to this, for brevity, the tables and figures in this subsection show only the details of this DOM. And in Tables 3-7 and Figures 4-8 , the sensitivities of the frequency and damping ratio of the DOM to GEN3's parameters d0 T ′ , q0 T ′ , d0 T ′′ , q0 T ′′ and T J are illustrated respectively, where the variation ranges of GEN3's parameters are conform to Table 1 . Table 3 and Figure 4 show that under small disturbance, with d0 T ′ increasing, the frequency and damping ratio of the DOM are gradually decreasing. Table 4 and Figure 5 show that under small disturbance, with q0 T ′ increasing, the frequency and damping ratio of the DOM are slightly increasing; however, on the whole they are not sensitive to q0 T ′ . Table 5 and Figure 6 show that under small X. M. Sun disturbance, with d0 T ′′ increasing, the frequency of the DOM is almost unchanged, while the damping ratio is gradually decreasing. Table 6 and Figure 7 show that under small disturbance, with q0 T ′′ increasing, the frequency of the DOM is slightly decreasing and not sensitive to q0 T ′′ on the whole, while the T ′ under small disturbance. Figure 5 . The curves of the sensitivity of DOM's characteristics to q0 T ′ under small disturbance. Figure 6 . The curves of the sensitivity of DOM's characteristics to d0 T ′′ under small disturbance. Figure 7 . The curves of the sensitivity of DOM's characteristics to q0 T ′′ under small disturbance.
damping ratio has a small tendency of increasing. Table 7 and Figure 8 show that under small disturbance, only when T J is smaller than a specific value, e.g.
6.5s as shown in Figure 8 , are the frequency and damping ratio of the DOM sensitive to T J . Tables 8-12 and Figures 9-13, the sensitivities of the frequency and damping ratio of the DOM
X. M. Sun
T ′′ and T J are illustrated respectively. Table 8 and Figure 9 show that under large disturbance, with d0 T ′ increasing, the frequency of the DOM is gradually decreasing, while the damping ratio is first increasing and then (at about 6 s) decreasing. Table 9 and Figure 10 show that under large disturbance, with q0 T ′ increasing, the frequency and damping ratio of the DOM are slightly oscillating across a straight line and their mean values are almost unchanged. Table 10 and Figure 11 show that under large disturbance, with d0 T ′′ increasing, the frequency of the DOM is not sensitive to d0 T ′′ and is almost unchanged, while the damping ratio is first increasing and then (at about 0.035 s) decreasing. Table 11 and Figure 12 show that under large disturbance, with q0 T ′′ increasing, the frequency of the DOM is slightly decreasing, while the damping ratio has a tendency of increasing. Table 12 and Figure 13 show that under large disturbance, only when T J is smaller than a specific value, e.g. 6.5 s as shown in Figure 13 , is the frequency of the DOM sensitive to T J , while the damping ratio is first increasing and then (at about 4.7 s) decreasing.
Now, by successively comparing the simulation results obtained from the time-domain method under large disturbance with those obtained from the frequency-domain method under small disturbance, we can see that the DOM's frequency changes with generator parameters in both the time-domain analysis Figure 9 . The curves of the sensitivity of DOM's characteristics to d0 T ′ under large disturbance. Figure 10 . The curves of the sensitivity of DOM's characteristics to q0 T ′ under large disturbance.
X. M. Sun Figure 11 . The curves of the sensitivity of DOM's characteristics to d0 T ′′ under large disturbance. Figure 13 . The curves of the sensitivity of DOM's characteristics to T J under large disturbance.
like the natural vibration frequency of a mechanical system. However, the damping ratio is not determined by the inherent structural characteristic of power system, and therefore it is sensitive to the operation mode and disturbance types of power system.
At the end of this section, two perspectives should be pointed out.
1) The non-dominant oscillation modes' frequency and damping ratio changes with generator parameters are similar to those of the DOM's, and therefore the conclusions derived from the DOM are applicable to the non-dominant oscillation modes.
2) If the damping ratio of certain oscillation mode is used to test and check generator parameters, the results obtained under small disturbance and large disturbance should be analyzed separately.
Testing and Checking Excitation Systems and PSS Parameters
Except generator parameters per se, the adjustment of the parameters of excitation systems and PSS also plays an important role in ensuring the stability of generators and power system, and therefore the parameters of excitation systems and PSS are always treated as a requisite component of generator parameters.
For this, this section proposes the engineering methods for testing and checking the parameters of excitation systems and PSS parameters.
Testing and Checking Excitation System Parameters
The engineering method for testing and checking excitation systems parameters includes 4 steps.
X. M. Sun 1) Stop the operation of the PSS of the tested generator.
2) Isolate the tested generator from the electric network.
3) Adjust the reference voltage of excitation system according to a specific function, e.g. step function or ramp function.
4) Investigate whether the output voltage of generator is able to track the ref-
erence voltage effectively, and here the "effective track" means that the rising edge is steep, the overshoot is small and the steady area has no great oscillations.
It should be pointed out that a practical and effective way to finish step 4) is to compare the output voltage curve of the tested generator with that of a reference generator which has the correct parameters of both generator and excitation system. Here, the output voltage curve of the reference generator is named as classic curve. If the differences of the two curves are fairly small, it then can be inferred that the excitation system parameters are appropriate from the perspective of application; otherwise, it can be concluded that the excitation system parameters are inappropriate or ineffective, and should be adjusted again or measured directly from field test. X. M. Sun of GEN3 has good robustness. It should be noted that excitation system parameters depend mainly on the dynamic amplification coefficient of its automatic voltage regulator (AVR) [11] [12] . In Figure 14 (a), the dynamic amplification coefficient is relatively big, and it is seen that the response of the output voltage of GEN3 is fast but the overshoot is large; in Figure 14(b) , the dynamic amplification coefficient is relatively small, and it is seen that the output voltage of GEN3 has no overshoot but the response is slow. Therefore, on the premise of guaranteeing stability, the dynamic amplification coefficient can be properly adjusted to meet the specific practical requirement.
Testing and Checking PSS Parameters
The engineering method for testing and checking PSS parameters also includes 4 steps.
1) Set up the "double machines and double lines" simulation system as shown in Figure 15 (a), where GEN3's parameters are the same as those in the IEEE 9-node test system, and other component's parameters are labeled in the figure.
2) Set a three-phase permanent fault on transformer's high-voltage side bus: at 0 s, a three-phase short-circuit fault occurs; at 0.1 s, the breakers on both sides of the transmission lines trip to clear the fault and do not reclose.
3) Switch on and off the PSS of GEN3, respectively. 
Conclusion
This paper analyzes the sensitivity of power system stability to generator parameters, including the parameters of generator, excitation system and PSS from plenty of simulation experiments. Because the simulation processes are closely related to the engineering practice and do not involve any complex theoretical analysis, the summarized rules and conclusions are evident and practical, and thus can be directly referenced or applied by electrical engineers. Based on these rules and conclusions, some feasible methods are proposed for testing and checking generator parameters quickly, which may greatly promote the working efficiencies of electrical engineers. Although the simulation examples used in this paper is very simple, the resultant conclusions are of generality and can be easily testified by readers in their researching and working activities.
